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Biofuels offer the potential to substitute for a large proportion of fossil fuels, however it is considered that 
the utilisation of lignocellulosic biomass, via second-generation biorefining technologies, will be 
necessary for this to be achieved economically and sustainably. The lignocellulosic matrix is complex and 
recalcitrant to conversion but research in biorefining is advancing rapidly and commercial facilities are 
expected in the near-term. These facilities will either employ hydrolytic mechanisms to break apart the 
structural polysaccharides of the biomass, or thermochemical procedures to dehydrate and volatilise the 
feedstock. Catalysts serve vital roles in both approaches: acids and enzymes facilitate the hydrolysis of 
cellulose; while metal and biological catalysts can alter the volatilisation profiles of biomass or reform the 
gases that are liberated in the thermochemical process. Each potential biorefining technology currently 
has its own drawbacks and advantages and it is likely that a range of procedures will be needed in order to 
fully exploit the values of very diverse ranges of lignocellulosic feedstocks. 

© 2008 Elsevier B.V. All rights reserved. 


1. Introduction 

The world is going through a crucial transitionary phase where 
circumstances dictate that economic activity and growth need to 
be decoupled from net energy expenditure. Fossil fuels currently 
serve the majority of our needs, both energetically and chemically 
[1]. However, their combustion is believed to be responsible for 
approximately three quarters of the anthropogenic emissions of 
C0 2 [2], a major greenhouse gas that contributes to global warming 
[3]. The possibility of reduced fossil fuel supplies in the future, 
either through geo-political conflicts, or through reaching a 
“Hubbert Peak” in their production, are also strong drivers for a 
search for alternatives. Electricity-producing renewable technol¬ 
ogies, such as solar and wind, may satisfy our power needs but the 
short-term implementation of non-fossil-fuel-based chemicals 
and transport fuels will require the utilisation of biomass, 
particularly in view of the fact that hydrogen and fully electrified 
cars are unlikely to become viable on a mass scale for at least a 
decade [4]. Governments around the world have recognised this 
and have implemented minimum targets for the implementation 
of alternative fuels in the future, with the expectation that biofuels 
will play a major role in these targets. For example, the EU has 
indicative targets of a 5.75% (by energy content) substitution of 
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fossil fuels by 2010 [5] and a mandatory target of 10% by 2020 
while in the USA the Energy Independence and Security Act of 2007 
mandates for 36 billion gallons of renewable fuels by 2022 [6]. 

2. First generation feedstocks 

Currently all commercial production of biofuels comes from 
the conversion of sugar, starch or oil crops (termed first- 
generation feedstocks). Sugar (sucrose) and starch crops have 
been utilised for biofuel production due to the relative ease at 
which their constituent reducing sugar units can be separated in 
water (hydrolysed) and subsequently fermented. Sucrose, a 
disaccharide of a-D-glucopyranose and (3-D-fructofuranose, 
freely hydrolyses in water [7]. Starch (Fig. 1) is a mixture of 
two polysaccharides: amylose and amylopectin. Amylose consists 
of repeating units of maltose, a disaccharide with a-(l -^4)- 
linked D-glucopyranose units. The axial nature of the glycosidic 
linkage limits the strength and abundance of intermolecular 
hydrogen bonds and thereby hydrolysis is facilitated. Amylopec¬ 
tin is the major constituent of most starches. It also contains 
glucose units linked via a-(l 4) bonds; however, there are also 
a-(l —► 6) branches that occur in plants every 24-30 glucose units 
[8]. These branches prevent the polymer from coiling into a helix 
so that no compact intermolecular alignment occurs. Hence, no 
significant hydrogen bonding can take place. Starches can be 
hydrolysed efficiently by the use of inexpensive enzymes, mainly 
alpha-amylase and gluco-amylase, and employing moderate 
reaction conditions [9]. 
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Starch Amylose Starch Amylopectin 


Fig. 1 . Physical structure of cellulose and of starch amylose and amylopectin. 


Despite their chemical advantages, there are drawbacks with 
first generation biofuels. Their costs can be high, particularly in 
Europe [10], and their net energy balance low [11]. The utilisation 
of high-quality arable land for their production has said to result in 
competition, between biofuel and food-requirements (the so- 
called fuel versus food issue), for this land and for the food/oil 
products that are produced. The recent rise in the price of various 
crops (such as wheat, maize and soya beans, which have dual roles 
as food and biofuel feedsocks), has been attributed, by some 
[12,13], to the greatly increased demand for biofuels in recent 
years by many developed nations. Furthermore, there are socio¬ 
economic concerns regarding the effects of these increased prices 
and reduced food production on the public health and economies 
of developing nations, particularly where these nations divert 
indigenous food production towards satisfying the biofuel needs of 
the western-world [14,15]. There are also concerns over the net 
benefits in terms of greenhouse gas production of many first 
generation feedstocks. For example, recent research has shown 
that the yield of the potent greenhouse gas, N 2 0, from nitrogen 
applications in agro-biofuel production is 3-5 times greater than 
assumed in current life cycle analyses [16]. It is claimed that this 
could result in a net global warming of up to two times that which 
would have occurred if fossil-fuels had been used for transport 
instead [16]. It is possible that in the future excise relief given for 
biofuels may be proportionate to how sustainable the fuel is 
considered to be compared with the fossil-fuel equivalent [17,18]. 

3. Second generation biofuels and biorefining 

Sucrose, lipids and starches are present in minor amounts only 
in most plants, and typically are not even the major components in 
most first-generation biofuel feedstocks. Most of the low-value, 
high-yielding biomass and wastes are termed lignocellulosic - 
which refers to their main constituent biopolymers of cellulose, 
hemicellulose and lignin. Cellulose is the most abundant biogenic 
polymer in the world with estimates of 3.24 x 1011 m 3 available 
globally [19] and an annual production of 100 x 10 9 tonnes [1]. 


Cellulose, like amylose, is a glucan whose D-anhydro-glucopyr- 
anose units are linked through (1 —^ 4)-glycosidic bonds: however 
these links are of the (3-configuration (Fig. 1). This allows intimate 
intermolecular associations, hydrogen bonding, and crystallinity. 
The end result is that cellulose is of the order of 100 times more 
difficult to hydrolyse than starch [20]. 

The term hemicellulose covers a variety of complex carbohy¬ 
drate polymers that are mostly not extractable by hot water or 
chelating agents but, unlike cellulose, are extractable in aqueous 
alkali [21]. These constitute the cell wall polysaccharides of land 
plants that are not cellulose or pectins [22]. Hemicelluloses tend to 
be branched heteropolysaccharides that are mostly built up of the 
pentose D-xylose with smaller amounts of the pentose L-arabinose 
and the hexoses D-glucose, D-mannose and D-galactose, as well as 
some uronic acids and acetylated derivatives [7]. Hemicelluloses 
have typically a much lower degree of polymerisation than 
cellulose and are easier to hydrolyse. Lignin is a complex three- 
dimensional polymer of phenylpropane units that has a carbon 
content around 50% (greater than that of cellulose) [23]. 

The key to exploiting the chemical value of lignocellulosics is to 
depolymerise the lignocellulosic matrix in order to obtain smaller 
molecules that can be utilised, or further converted to platform 
chemicals and biofuels. The technologies for doing this can be 
termed second-generation (where biofuels are an end-product). 
They can also be termed biorefineries, an analogy to oil refineries 
since, like these, biorefineries obtain a variety of end products 
according to the chemical components of the starting materials. 
This definition of a biorefinery can also apply to biofuel facilities 
that process first-generation feedstocks [24,25] as well as existing 
pulp mills and various facilities in the food industry. For example, 
corn wet-mills can produce an array of products (such as 
sweetners, corn oils, animal feed, ethanol, and bio-plastics) and 
the quantities and variety of products can be manipulated 
according to the end needs of the market and producer. For 
example, the wet-mill plant of National Starch and Chemical in 
Indianapolis, USA, makes specialty starches, while their facility in 
Kansas focuses on adhesives [26]. This paper will only consider 
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biorefineries that process lignocellulose, however, since these 
feedstocks (which include municipal wastes, straws, grasses, 
woods and energy crops such as Miscanthus) are much more 
abundant than first-generation biomass and, hence, are typically of 
a lower cost. Furthermore, lignocellulosic feedstocks can, to a large 
part, avoid many of the pitfalls associated with the use of food or oil 
crops for the synthesis of chemicals and fuels. 

Firstly, the energy costs of the whole supply cycle of these 
feedstocks are generally significantly lower [11,27], for example a 
recent life cycle analysis found that ethanol produced from 
switchgrass contained 540% more energy than that required for its 
production [28]. Where pre-existing waste resources are used as 
feedstocks, the energy costs are likely to be even lower. An 
additional benefit, that is associated with lower energy costs, is 
that the life-cycle emissions of greenhouse gases are likely to be 
significantly lower with lignocellulosic feedstocks [29-31]. For 
example, the same study found that estimated average green¬ 
house gas emissions from cellulosic ethanol derived from 
switchgrass were 94% lower than those from gasoline [28], while 
Adler et al. [32] calculated that ethanol sourced from reed-canary 
grass could reduce greenhouse gas emissions, compared with the 
life cycle of gasoline, by approximately 85%, with corn-ethanol 
only providing a 40% reduction. Also, while the production of 
annual first-generation feedstocks, such as maize, can be 
associated with soil degradation and the loss of organic carbon 
from the soil [33], certain perennial energy crops, such as 
Miscanthus, avoid the need for frequent tillage while the 
extensive roots that they develop over their lifespan are said to 
result in an increase in soil organic carbon [34,35]. Considering 
this dynamic, Adler et al. [32] calculated that ethanol from 
switchgrass and hybrid poplars reduced greenhouse gas emis¬ 
sions (over petrol-derived transport fuels) by approximately 
115%, while it has also been claimed that low-input high diversity 
mixtures of native grassland perennials can allow carbon¬ 
negative biofuels [36]. Refocusing biofuel production towards 
second-generation technologies can also address many of the food 
versus fuel and socio-economic concerns addressed earlier in this 
paper since there will be no direct competition for food crops, 
waste resources can be utilised (to the mutual benefit of 
developed and developing nations), and land that is unsuitable 
for the production of food can be utilised for lignocellulosic energy 
crops. 

Table 1 lists the second generation biorefining companies that 
may have commercial facilities online within the next three years. 
The technologies and processes employed are also mentioned in 
Table 1, as are the pilot- or demonstration-scale facilities currently 
operated by these companies. There are numerous other compa¬ 
nies and technologies that are currently operational on the pilot 
scale and these may also become commercial in the future. 


4. Hydrolysis technologies 

There are two major pathways by which biorefineries 
operate: through hydrolytic mechanisms that aim to liberate 
free monosaccharides from the lignocellulosic polysaccharides, 
and through thermochemical processes that degrade more 
extensively the components of both polysaccharides and lignin. 
The various technologies available for the hydrolytic or 
thermochemical processing of biomass, along with their 
products and possible pre-treatment steps, are illustrated in 
Fig. 2. 

Cellulose is hydrolysed in pure water through attack by 
the electrophilic hydrogen atoms of the FI 2 0 molecule on the 
glycosidic oxygen. This is a very slow reaction due to the 
recalcitrance of cellulose, but it can be speeded up using 
elevated temperatures and pressures, and catalysed by acids 
(concentrated or dilute) and highly selective enzymes such as 
cellulases. 

4.1. Pre-treatment techniques 

Biomass is more than just cellulose, however, and the process is 
complicated by the relative ease with which hemicellulose can be 
hydrolysed (at least through non-enzymatic means). A severe 
means of hydrolysis targeted for the liberation of glucose from 
cellulose may result in the sugars liberated from hemicellulose 
being degraded to derivatives of less value that may also inhibit 
fermentation [37]. 

Flydrolytic mechanisms are also influenced by the complex 
inter-associations between hemicellulose and cellulose and 
between these polysaccharides and lignin in the lignocellulosic 
matrix. In particular, the crystalline nature of much cellulose and 
the existence of a physical barrier of lignin surrounding the 
cellulose fibres are said to be major contributors to the 
recalcitrance of cellulose [7]. For this reason, most hydrolysis 
technologies employ pre-treatment processes that aim to break 
apart the matrix (and in particular the associations between lignin 
and cellulose), reduce cellulose crystallinty, and hydrolyse 
hemicelluloses, hence separating the hydrolysate from cellulose 
which can then undergo more severe/targeted treatment. 

Pre-treatment is currently one of the most expensive stages in 
second-generation technologies with estimates of operating costs 
as a high as 30 c per gallon of ethanol [38], and with capital costs of 
$2.24 m per million gallon capacity [39] for the most cost-effective 
pre-treatment technology. Pre-treatment is, however, crucial for 
ensuring good ultimate yields of sugars from both polysaccharides. 
For example, yields from enzymatic hydrolysis without pre¬ 
treatment are usually less than 20% whereas with pre-treatment 
yields can rise to over 90% [40]. 


Table 1 

The companies that are likely to have commercial scale (>10 ml output a year) biorefineries operational in the next three years 


Company 

Process 

Main outputs 

Current facility (April 2008) 

Full scale 

Output 

Abengoa 

Enzymatic hydrolysis 

Ethanol 

Demo plant—5 ml (2008) 

2010 

57 ml 

Alico 

Biocatalytic gasification 

Ethanol 

Pilot plant (2003) 

2009 

53 ml 

BlueFire Ethanol 

Concentrated acid hydrolysis 

Ethanol 

2 pilot plants, largest —»• 81,000 1/year 

2010 

72 ml 

Choren 

Gasification and FT synthesis 

FT-Diesel 

Pilot plant. Demo plant (15,000 tonnes 
output) expected 2008 

2011 

200,000 tonnes 

Colusa 

Solvent treatment and enzymatic hydrolysis 

Ethanol 

Pilot scale 

2009 

45 ml 

Coskata 

Plasma gasification and biocatalytic synthesis 

Ethanol 

Lab-scale. 150,000 1 (late 2008) 

2011 

370 ml 

Iogen 

Steam explosion and enzymatic hydrolysis 

Ethanol 

Demo plant (2004): ~3 ml/year 

2011 

90 ml 

Poet 

Enzymatic hydrolysis 

Ethanol 

Pilot plant 

2011 

115 ml 

Range Fuels 

Gasification and mixed alcohol synthesis 

Ethanol, methanol 

Pilot plant 

2008 

38 ml 

Royal Nedalco 

Enzymatic hydrolysis 

Ethanol 

Lab-scale 

2011 

200 ml 

Verenium 

Enzymatic hydrolysis 

Ethanol 

3 pilot plants. Largest 1.3 ml (2007) 

2011 

110ml 


The commercial pyrolysis companies are not included since their current output is focussed on electricity. 
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PRODUCTS 



Fig. 2. The various pre-treatment and subsequent conversion technologies possible for the treatment of lignocellulosics. The production of a biochar through pyrolysis can 
offer a feedback mechanism to the cycle by increasing biomass yields when it is applied to land. 


4.1 .1. Physical pretreatments 

4.1.1.1. Size-reduction. Small particle sizes, and hence greater 
surface areas, are necessary for many biorefining technologies, 
including many thermochemical processes, in order to facilitate an 
efficient and rapid reaction. There are various techniques used for 
the comminution of biomass, including dry, wet and vibratory ball 
milling [41,42] and compression milling [43]. However, where the 
smallest particle sizes are needed, as in some dilute acid pre¬ 
treatment processes and in entrained flow gasifiers, the energy 
costs required may account for up to a third of the total energy 
demand of the biorefinery [44]. 

4.1.12. Steam explosion. Steam explosion pre-treatment technol¬ 
ogies have been an active area of research for the past two decades 
[45,46] and will be incorporated into many of the first commercial 
biorefineries that are based on the hydrolysis procedure. Iogen 
have developed their own steam pre-treatmernt process while 
Abengoa, China Alcohol Resources Corp., Celunol, and GreenField 
Ethanol have planned to utilise the technology developed by 
SunOpta. In that process, partially comminuted biomass is 
subjected to high pressure steam (at 210-290 °C) for several 
minutes before this steam is rapidly vented, resulting in an 
explosive decompression and flash cooling of the biomass. A 
feedstock that is much more amenable to enzymatic hydrolysis 
results and it is considered that this is possible due to the 
hydrolysis of hemicellulose (catalysed by acetic and other acids 
liberated from it by the steam, and also catalysed by the lowered 
pH of water seen at high temperatures [47]). The effectiveness of 
steam explosion is dependent on the biomass feedstock; for 
instance the process is less effective for softwoods than for 
hardwoods [40], probably due to the fact that softwoods have 
much less acetyl groups [22]. 

The process can take place uncatalysed (in which case the yield 
of xylose sugars is only 45-65% [48]), or catalysed with dilute 
sulphuric acid (where xylose yields can be over 70% [49]). 
Ammonia fibre explosion (AFEX) substitutes liquid ammonia for 
steam [50]. This does not result in an extensive solubilisation of 


lignin but it does disrupt lignin-hemicellulose bonds [51], 
depolymerises lignin [52], and results in a swelling and modifica¬ 
tion of the cellulose crystal structure form giving rise to change 
from cellulose I to cellulose III [38]. The result is a high sugar yield, 
and an excellent substrate for enzymatic hydrolysis [53]. While the 
more moderate conditions employed for AFEX decrease energy 
requirements, the expense of ammonia and the need to recycle it 
increase operating and capital costs [54]. Also, dealing with the 
oligoscaccharides formed from hemicellulose is more complex 
than dealing with their component monosaccharides [55]. Carbon 
dioxide can also be used in a physical explosion process. It is more 
cost effective than steam or ammonia explosion, and it does not 
result in the fermentation inhibitors that can be arise in steam 
explosion [48]. However, the yields of glucose from the subsequent 
enzymatic hydrolysis are lower (approximately 75% [40]). 

4.1.13. Liquid hot water. This pre-treatment process is still at the 
lab-scale but offers the potential for high xylose recovery from 
hemicellulose (88-98% [40]) and a reduction in cellulose 
recalcitrance to enzymatic hydrolysis [56], and with minimal/no 
comminution of the biomass necessary [57]. It involves super¬ 
heated water (180-230 °C) that is kept in the liquid state through 
high pressures and put in contact with the biomass via various 
pathways [38]: co-current pre-treatments involve the biomass and 
water being held in a slurry which is warmed and then cooled; 
counter-current pretreatments move the biomass and water in 
opposite directions; and flow-through pre-treatments involve the 
water passing over the stationary biomass. Up to two thirds of the 
lignin and one quarter of the cellulose can also be dissolved, 
depending on the conditions employed and the feedstock used 
[38,58 ]. If the pH is maintained between 4 and 7, the degradation of 
monosaccharide sugars can be minimised [59]. 

4.1.2. Chemical pretreatments 

4.12.1. Acid-catalysed pretreatment. Dilute acids (traditionally 
sulphuric, but nitric and hydrochloric acids have also been used), 
when employed in a pre-treatment stage, are principally 
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concerned with the hydrolysis of hemicellulose and the subse¬ 
quent removal of its component sugars and their degradation 
products. As with acid-catalysed cellulose hydrolysis, the main 
consideration with acid pre-treatment involves ensuring mini¬ 
mum degradation of the liberated monosaccharides (unless 
degradation products such as furfural are desired). Xylose yields 
of 75-90% are possible if this is done effectively [48]. Another issue 
with the use of acids is the buffering capacity of the feedstock. Ash 
tends to lower the acidity of the mixture—the catalytic hydrogen 
ion is a function of the concentration and amount of the applied 
acidic solution and the neutralizing power of the ash [60]. The 
effect of acid pretreatment on cellulose is also an important 
consideration. Some amorphous regions of the polymer can be 
hydrolysed [60] and this can result in a strong decrease in the 
degree of polymerisation (DP) of cellulose [61 ]. The term ‘Level-Off 
Degree of Polymerisation’ (LODP) is often used for the DP of the 
remaining crystallites of cellulose after this preliminary acid 
hydrolysis [62]. 

4.1. 2.2. Alkaline catalysed pretreatment Alkaline treatments are 
similar to those used in Kraft paper-pulping processes and, 
compared to acid pre-treatments, are more focused on the 
solubilisation and removal of lignin from the biomass rather than 
hydrolysis of hemicellulose which tends to remain insoluble [40]. 
However, acetyl and uronic acid groups are removed from 
hemicellulose, further improving the digestibility of the poly¬ 
saccharides to enzymatic treatments [63]. Conditions are more 
mild than acid pre-treatments, with a corresponding increase in 
reaction times, which may be as long as several weeks where 
ambient conditions are used [59]. While sodium, calcium, and 
potassium hydroxide can be used, their high costs and poor 
recoveries (some of the alkali is converted to irrecoverable salts 
that may be incorporated into the biomass [45]) are distinct 
disadvantages and the use of lime, which is cheap and can be 
recovered from water as insoluble calcium carbonate by reaction 
with carbon dioxide [64], is favoured [38,59]. More complete 
removal of lignin can be facilitated by the addition of oxygen or air 
[65] to the biomass pile. Colusa, based in California, employs in 
their process a high-concentration of NaOH (~50%) to dissolve the 
lignin from the biomass (which has already had its hemicelluloses 
hydrolysed via dilute acid pretreatment) over a period of 
approximately 2 h [66]. 

A more severe combination of oxygen and alkaline conditions 
occurs in the wet oxidation pre-treatment process. The biomass is 
treated, under alkaline conditions, with superheated water 
(185 °C+) that, as with LHW, is kept a liquid through elevated 
pressures. Oxygen is added and is said to facilitate the hydrolysis of 
most of the lignin and hemicellulose leaving a purified and less 
crystalline cellulose fraction that is highly amenable to enzymatic 
digestion [67] and with no effective ethanol-inhibitors formed 
[68]. The Dutch company Biogashol has developed a new process, 
called wet explosion, which integrates steam-explosion with this 
process by rapidly reducing the pressure after wet-oxidation [69]. 

4.1.2.3. Other solvents. Hydrogen peroxide, ozone, glycerol, diox- 
ane and phenol are some other solvents that have facilitated the 
de-crystallisation and depolymerisation of cellulose [70]. Exam¬ 
ples of solvents employed in pre-commercial technologies include 
ethanol (by Lignol [71] and Flambeau River Biorefinery [72]) and 
acetone (employed in the Acid Catalysed Organosolv Saccharifica¬ 
tion (ACOS) process of Paszner Technologies [73]). 

Some of the traditional solvents for the dissolution of cellulose, 
hemicellulose and/or lignin can be toxic, however, and may require 
the use of relatively harsh conditions [74,75]. In recent years there 
has been a growing interest in the use of the more environmentally 


benign Ionic Liquids (ILs) as solvents for lignocellulose [74,76,77]. 
These are salts, typically composed of large organic cations and 
small inorganic anions, that exist as liquids at relatively low 
temperatures, often at room temperature [75]. Their solvent 
properties can be varied by adjusting the anion and the alkyl 
constituents of the cation [77]. Attractive properties include 
chemical and thermal stability, non-flammability, low vapour 
pressures and a tendency to remain liquid through a wide range of 
temperatures [74]. The solubility of cellulose has been demon¬ 
strated in some hydrophyllic ILs, such as l-butyl-3-methylimida- 
zolium chloride (BMIMC1) and l-allyl-3-methylimidazolium 
chloride (AMIMC1) [75,78], with dissolution accelerated under 
microwave heating [75] and sonication [77]. The mechanism of 
dissolution is said to involve the chloride ions in the IL breaking the 
hydrogen bonding of cellulose, while longer alkyl chains of the 
cation reduce dissolution efficacy [77]. The use of ILs has also been 
demonstrated on lignocellulosic feedstocks such as wood [79] and 
straw [80]. The whole lignocellulosic matrix is dissolved, disrupt¬ 
ing the complex associations between the cellulose, hemicellulose 
and lignin. A relatively pure cellulose can then be precipitated by 
the addition of water, ethanol or acetone [75] while the lignin and 
other components remain dissolved [74]. This regenerated 
cellulose can have a similar degree of polymerisation as before 
IL treatment, however the degree of crystallinity can be 
manipulated during regeneration. This means the use of ILs can 
be an effective means of pre-treatment, producing a cellulose that 
is more amenable to hydrolysis [81]. Results have shown this 
cellulose enables a higher eventual yield of reducing sugars than 
other pre-treatment methods, such as steam explosion, allow [76]. 
Some enzymes, such as cellulases [35], can retain their activities in 
ILs [82] with improved enzyme compatibility being associated 
with a reduced hydrogen bonding affinity of the IL anion [77]. Since 
an increase in this affinity favours the dissolution of cellulose, there 
can be a trade-off between dissolution and enzyme activity [77]. 
Therefore, where ILs are to be used as a pre-treatment in enzymatic 
hydrolysis processes, it may be necessary to recover the 
regenerated cellulose [81] or to develop ILs, such as l-ethyl-3- 
methylimidazolium diethylphosphate, that are compatible with 
both cellulose solubility and cellulase activity [83]. ILs may also 
have utility in the synthesis of important carbohydrate degrada¬ 
tion products, such as hydroxymethyl furfural [77] and, hence, 
offer the potential to increase yields and reduce energy costs of 
technologies such as the Biofine process [84] that target these. 
Research is also ongoing into the extraction of non-cellulosic 
products, such as oil from pine needles [74], with ILs and into the 
synthesis of tunable cellulose composites and derivatives, such as 
cellulose acetate [85], with ILs under much milder conditions than 
traditional methods [75]. It is generally considered [76,77], 
however, that further research is needed to improve the economics 
of ILs before they can be used at an industrial scale since they are 
currently expensive and commercial IL recovery methods have not 
been fully developed. Also, techniques need to be developed to 
recover hemicellulose and lignin from solution after the extraction 
of cellulose. Despite these current limitations, IL’s could have a 
great potential in future lignocellulosic biorefining processes and 
advances such as the potential synthesis of ILs from carbohydrates 
[86] may play a role in reducing their costs. 

4.2. Hydrolysis techniques 

Assuming a pre-treatment step that hydrolyses the hemicellu¬ 
loses has already taken place, most current technologies either use 
acids or enzymes to catalyse the subsequent degradation of 
cellulose. The acid hydrolysis of lignocellulosic materials was 
commercialised in the late 19th century [40] and several dilute- 
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acid facilities existed in the USA, Germany, Japan, and Russia by 
World War 1 while concentrated acid hydrolysis facilities were 
being built between 1937 and the late 1960s [87]. However, these 
were uneconomic where fossil fuels were available and none exist 
for the commercial production of ethanol fuel today. It is hoped 
that modern technologies, using either acids or enzymes, can 
reinvigorate the industry. 

4.2A. Dilute acid hydrolysis 

Typically, most of these technologies employ a dilute acid pre¬ 
treatment step under moderate temperature conditions (140- 
160 °C) to release the pentoses. In the second stage the 
temperatures are raised to 200-240 °C to facilitate the hydrolysis 
of cellulose and recovery of six carbon sugars. Modern experi¬ 
mental yields for this two-stage acid process (3 min per stage) are 
89% for mannose, 82% for galactose, but only 50% for glucose with a 
glucose to ethanol conversion that is 90% of the theoretical 
maximum [ 88 ]. Indeed, it is considered that this glucose yield is 
close to the theoretical limit possible with plug-flow reactors [89]. 
It is probably the crystallinity of cellulose that limits yields, given 
that the rate of hydrolysis of amorphous cellulose is significantly 
greater than that of crystalline cellulose (Bungay, 1981). Hence, 
conditions for the hydrolysis of crystalline cellulose may degrade 
the sugars obtained from amorphous regions into products such as 
hydroxymethyl furfural and levulinic acid. The National Renew¬ 
able Energy Laboratory (NREL) estimated that a counter-current 
hydrolysis, where a steam pre-treatment is employed, may allow 
an increase in glucose yields to 84%, and an increase in 
fermentation yield of ethanol to 95%, [90]. Other alternatives 
involve the use of sulphur dioxide rather than sulphuric acid. 

4.2.2. The Biofine process 

The Biofine process [84,91,92] is unique among all the near¬ 
commercial biorefining technologies employing hydrolytic 
mechanisms in that it does not require any biotic activity for the 
conversion of biomass to the final saleable product. It uses dilute 
sulphuric acid in a two-reactor system engineered to obtain high 
yields of the platform chemicals levulinic acid (with hydroxy- 
methylfurfural as a key intermediate) and furfural (Fig. 3) from 
the degradation of the hexoses and pentoses liberated from the 
structural polysaccharides of lignocellulosic biomass [84]. The 
advantage of the technology over previous attempts to obtain LA is 
that the yields are 70-80% [91,92] of the theoretical maximum of 
71.6% by mass of cellulose [93]. This translates to the conversion of 
approximately 50% of the mass of 6 -carbon sugars to LA, with 20% 
being converted to formic acid and 30% being incorporated in the 
residual “char” material which also contains all of the Klason lignin 
and the 50%, by mass, of pentoses that do not convert to furfural. 
Previously developed technologies that attempted to produce LA 


from lignocellulosics had high costs due to low LA yields (around 3% 
by mass) and significant tar formation due to the complexity of the 
glucose to LA pathway [84,94,95]. The Biofine yield data result from 
trials at two pilot plants in the US where various feedstocks, 
including agricultural residues, paper sludges, and the organic 
fraction of municipal waste, have been processed [96], as well as by a 
50 tonne per day commercial facility that is being commissioned in 
Caserta, Italy and will process waste paper, municipal wastes and 
agricultural residues. 

LA is a useful platform chemical [97,98]. Its value comes from its 
particular chemistry—it has two highly reactive functional groups 
that allow a great number of synthetic transformations; LA can 
react as both a carboxylic acid and a ketone. The carbon atom of the 
carbonyl group is usually more susceptible to nucleophilic attack 
than that of the carboxyl group. Due to the spatial relationship of 
the carboxylic and ketone groups, many of the reactions proceed, 
with cyclisation, to form heterocyclic type molecules. It is this 
mechanism that is used to produce methyltetrahydrofuran 
(MTHF— Fig. 3) from LA [1]. Work at the Pacific Northwest 
Laboratory (PNL) in the US [99] allowed MTHF to be produced 
in high yields (63 kg [71 1] MTHF from every 100 kg of LA) via 
catalysed hydrogenation of LA to 7 -valerolactone (GVL) which, 
upon further hydrogenation, yields 1,4-pentanediol and finally 
MTHF. The catalyst is bifunctional. The first functionality involves 
hydrogenation and the second, ring-opening. Highest yields were 
achieved when a bimetallic catalyst with a weight ratio of Pd (5%)/ 
Re (5%) supported on a carbon carrier material was used. The first 
reaction is catalysed by palladium, and the second by rhenium. In 
the process, LA is pumped into a tube where it is warmed to about 
40 °C, then mixed with hydrogen. Both compounds are then 
pumped through a reactor filled with the catalyst, where 
conditions of 240 °C and 100 atmospheres pressure create MTHF 
[99]. The procedure requires three moles of hydrogen per mole of 
LA. MTHF has shown promise as a petroleum additive where 
volumes of up to 30% can be added with no adverse effects on 
performance, or engine modifications needed [100]. The ability of 
MTHF to significantly reduces the vapour pressure of ethanol when 
co-blended in gasoline led to the development of “P-Series” fuels 
where MTHF acts as co-solvent for ethyl alcohol (high-octane) in 
“pentanes-plus” hydrocarbons obtained from natural gas [ 101 ]. 

Ethyl levulinate (EL) can be produced by esterifying LA with 
fuel-grade ethanol. Biofine and Texaco developed EL as an 
oxygenated diesel additive. The 21:79 formulation consists of 
20% ethyl levulinate, 1% co-additive and 79% diesel, and can be 
used in regular diesel engines. LA esters are similar to the biodiesel 
fatty acid methyl esters (FAME) but they do not have their principal 
drawbacks (cold flow properties and gum formation [102]). The 
addition of ethyl or methyl levulinate to FAME may be expected to 
alleviate both these problems. 
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Fig. 3. Chemical structures for some of the products from the Biofine process and pyrolysis. 
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Formic acid has many existing uses in agriculture, clothing, and 
industry. The catalyst preparation sector represents a very large 
potential future market for formic acid. Formic acid is also used in 
the regeneration of catalyst metals poisoned with sulphur. 
Additionally, esters of formic acid (e.g. methyl and ethyl formate) 
may have value as fuel components and as platform chemicals. 

Furfural can be sold as a solvent or used in the production of 
furfuryl alcohol, tetrahydrofuran (TFIF) and LA [95]. THF is 
produced by decarbonylation of furfural to furan followed by 
catalytic hydrogenation [103]. 

The residual char from the Biofine process has use as 
combustion or pyrolysis/gasification feedstock, and it is expected 
that a facility processing 300 dry tonnes of feedstock per day will 
have an energy surplus allowing extra revenue from the sale of 
electricity [84]. Economic forecasts predict that a facility proces¬ 
sing 1000 dry tonnes of wood per day could produce 
133,000 tonnes of EL a year (assuming an input of 35,000 tonnes 
of ethanol) at a production cost of $291 /tonne, equivalent to $12/GJ 
[84]. 

4.2.3. Concentrated acid hydrolysis 

This process involves an acid (dilute or concentrated) pre¬ 
treatment to liberate the hemicellulosic sugars while the 
subsequent stage requires the biomass to be dried followed by 
the addition of concentrated sulphuric acid (70-90%) [90]. The 
concentrated acid converts the cellulose to a completely amor¬ 
phous state. Once decrystallised, it forms a homogeneous gelatin 
with the acid. The cellulose is extremely susceptible to hydrolysis 
at this point. Thus, dilution with water at modest temperatures 
provides complete and rapid hydrolysis to glucose, with little 
degradation [61], particularly when compared with dilute acid 
treatments [88,104]. Indeed, the degradation is so low that the use 
of concentrated sulphuric acid is an accepted test method for 
quantifying the monosaccharide content of the polysaccharides of 
biomass as well as for the Klason lignin content [19,105,106]. A 
variety of feedstocks processed in bench-scale studies averaged 
over 95% conversion of xylan to xylose and over 87% conversion of 
cellulose to glucose [107]. 

The procedure takes approximately 10-12 h and the concen¬ 
trated acid conditions allow a greater variety of feedstocks, such as 
municipal wastes, than other techniques. The major problem with 
this process, apparent since its inception, is the need to minimise 
the cost involved in purchasing concentrated acid, by recovering it 
via effective separation from the sugars. While acid recovery rates 
have risen from 80% to 97% in the last 50 years, via continuous ion 
exchange separation techniques [40], the capital and operational 
costs involved are still higher than for dilute acid methods [108]. 

BlueFire Ethanol received a grant of $40 m from the US 
Department of Energy to build a commercial facility in California 
that will process MSW via their Arkenol concentrated acid process 
[109] that has been tested at two pilot facilities. It is claimed that it 
will produce 72 ml of ethanol per year from 700 tonnes per day of 
waste (255,000 tonnes per year) at a cost of less than $1 per gallon 
(US). Elowever, it is not clear if such a low price is the result of 
significant gate fees. Such fees are considered vital for the MSW to 
ethanol concentrated acid hydrolysis facility planned by Masada 
OxyNol for Middleton, New York [110]. 

4.3. Enzymatic hydrolysis 

Most enzymatic hydrolysis technologies first employ any of the 
pre-treatment methods mentioned above for the hydrolysis of 
hemicellulose and to make a more digestible cellulose (although 
there has been some research on enzymatic hydrolysis of 
hemicellulases without prior pre-treatments [111]). Cellulase 


enzymes are then used to selectively hydrolyse the cellulose to 
glucose. This occurs under much milder process conditions (30- 
70 °C) than with dilute acid hydrolysis; hence the potential for 
sugar degradation is significantly decreased [112]. Indeed, it is 
considered that enzymatic hydrolysis may ultimately offer the 
highest potential yield of glucose from cellulose [113]. The 
cellulases can be obtained from a variety of micro-organisms, 
including bacteria and fungi. Elowever, aerobic fungi typically give 
higher growth rates and are the focus of most research [49]. 

A cellulase is actually a mixture of many different enzymes each 
of which has a specific role in the hydrolysis of cellulose. For 
instance, endo-1,4-(3-D-glucanases act internally within a cellulose 
chain at amorphous cellulose regions to cleave glyocisidc bonds, 
reducing the degree of polymerisation, while cellobiohydrolases 
degrade the cellulose chain from either the reducing or non¬ 
reducing ends and can cleave glycosidic bonds within crystalline 
cellulose regions releasing cellobiose [114]. Current technologies 
(including those of Iogen and Genencor) produce enzymes in a 
separate tank to that for hydrolysis. Glucose is a poor carbon source 
for enzyme productivity since it favours the production of cellular 
mass. Inducers of cellulase include cellobiose, lactose, and 
sophorose [37]. A cellulase production run lasts approximately 
one week after which the spent cell mass is disposed of [37]. 

There are a variety of factors that affect both the yield of sugars 
and the rate of hydrolysis. Regarding the biomass: cellulose 
crystallinity [63] and degree of polymerisation [115], hemicellu¬ 
lose acetyl content [116], and increased particle size [117] all 
hinder enzymatic hydrolysis. These are all considerations when 
selecting an appropriate pre-treatment technique [37,118]. The 
lignin polymer is also a hindrance to hydrolysis, not only because 
of its absolute content [114], but also because of its particular 
composition [119] and its associations with polysaccharides [120]. 
Iogen claims that the efficiency of cellulose hydrolysis is 
dependant on the arabino-xylan content of the feedstock and 
that feedstocks, such as softwoods, with low levels demand 
unacceptably high levels of enzymes [37]. Enzymes are also 
somewhat sensitive to contaminants such as silica [37]. Thus, the 
range of feedstocks that are considered suitable for enzymatic 
treatment have been somewhat limited to date. 

The products of cellulose hydrolysis, such as glucose and 
cellobiose, can also be inhibiting to cellulase activity. Elence these 
need to be removed by some means or an oversupply of enzymes 
will be necessary. A high substrate concentration may increase 
rates and yields. Elowever, if the ratio of substrate to cellulase is too 
high inhibition may occur [40]. Elydrolysis can also be facilitated 
through the addition of surfactants, other enzymes (e.g. pectinase), 
and by using a mixture of enzymes from other organisms [40]. 

5. Fermentation of sugars 

There are numerous technologies proposed for the enzymatic 
hydrolysis of biomass. The most basic of these involves the 
enzymatic hydrolysis of cellulose followed by fermentation of 
the liberated hexoses. Pentose fermentation can occur after the 
distillation of the resulting beer, or with a separate stream taken 
from the hydrolysate of the pre-treatment process. This process is 
termed Separate Elydrolysis and Fermentation (SEIF). The more 
advanced enzymatic hydrolysis technologies combine the pro¬ 
cesses of hydrolysis and fermentation; hence it is necessary to 
examine the issues relating to the fermentation of sugars liberated 
from lignocellulosic biomass. 

While aerobic mechanisms allow rapid growth for microorgan¬ 
isms via the conversion of sugars to water and carbon dioxide, 
anaerobic conditions can favour the production of ethanol in high 
yields. Elistorically, the yeast Saccharomyces cerevisie has been used 
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for the fermentation of ethanol from glucose with carbon dioxide 
as the inevitable by-product. In an ideal situation, where the 
micro-organism worked at 100% efficiency and required none of 
the sugar for the growth of its own cell mass, the weight of ethanol 
would be 51.11% of that of glucose (according to the molar ratios 
and masses of glucose and the products). Hence, at least 48.89% of 
the sugar mass from glucose will be converted to C0 2 which has 
little or no value. 

Xylose fermentation can occur via several pathways, according 
to the conditions and specific biotic activity, with practical mass 
yields of ethanol ranging between 20 and 50% [121,122]. However 
5. cerevisa can not ferment pentoses, hence much research over 
the last few decades has been concerned with finding or 
engineering microorganisms that can efficiently ferment hexose 
and pentose sugars with no overpowering selectivity for either. 
Bacteria, such as Zymomonas mobilis and E. coli, have attracted 
particular interest, given their rapid fermentation, which can be 
minutes compared to hours for yeasts [40]. Several companies 
have been involved in engineering efficient hexose-fermenting 
microorganisms so that they can also ferment arabinose and 
xylose. For example, NREL has incorporated the pentose 
metabolism genes of E. coli into Z. mobilis [123], and this 
microorganism will be utilised in the BlueFire Ethanol process. 
BioGasol will use a Saccharomyces yeast that has had the xylose- 
fermentation pathway gene from the Piromyces fungus incorpo¬ 
rated [124]. 

There are other problems seen in the fermentation of 
lignocellulosic hydrolysates beyond the diversity of sugars; these 
include the presence of sugar degradation products from pre¬ 
treatment and hydrolysis (if hydrolysis is non-enzymatic). These 
products include furfural from pentoses and hydroxymethylfur- 
fural and levulinic acid from hexoses. These can be present in 
significant quantities [60]. These by-products can also be inhibit¬ 
ing to enzymatic hydrolysis. Technologies to remove these 
inhibitors can be expensive and are not wholly efficient. Research 
is ongoing to develop hardier microorganisms that are less 
sensitive to the presence of inhibitors, so minimising the need 
for extensive detoxification of the hydrolysate. For example the 
Research Institute of Innovative Technology for the Earth (RITE) in 
Japan claims, in conjunction with Honda, to have developed a 
micro-organism that is more resistant to inhibitors, allowing high 
ethanol yields and aims to test the technology in a pilot plant in 
2008. Research is also ongoing to find or engineer micro-organisms 
that can tolerate higher ethanol concentrations given that the 
maximum level currently tolerated is about 10% at 30 °C and less at 
higher temperatures [40]. A higher ethanol concentration will 
reduce the costs associated with its recovery. 

It is important to note that there any many other possible 
fermentation products besides ethanol, provided different meta¬ 
bolic pathways are employed. These include lactic acids and acetic 
acid [117]. Butanol is another potential fermentation product that 
is the focus of much research since it has several superior 
properties over ethanol. For instance, it is less corrosive, has a 
similar energy content to petrol, is more compatible with existing 
fuel-infrastructure and can be blended to higher extents in 
conventional engines. The necessary research to make bio-butanol 
economical is centred on the fermentation pathway [125], since 
conventional hydrolysis mechanisms can be employed to get the 
liberated sugars. The ABE processes [126] produce acetone, 
butanol, and ethanol, but the micro-organisms can deliver only 
a very low butanol concentration and the energetic and economic 
costs associated with separation are currently too high [126]. 
Several companies, including LS9 and Synthetic Genomics, are 
investigating the bio-production of petrol-/diesel-like fuels from 
free sugars (and, ultimately, virgin biomass) via complex pathways 


that synthesise hydrocarbons of a longer carbon-chain length than 
the original carbohydrate [127]. 

Some of the derivatives of the lignocellulosic components of 
biomass also have value as platform chemicals for the synthesis of 
products for numerous sectors, such as the pharmaceutical 
industry, whose current needs can only be satisfied via the 
catalytic and physical conversion of fossil-fuel feedstocks. Indeed, 
biomass-derived chemicals may have advantages in the synthesis 
of many products, especially those that are oxygenated. Adding 
oxygen to hydrocarbons is not easy and often involves the use of 
toxic reagents such as chromium, resulting in significant waste 
disposal problems [128]. Conversely, biomass, particularly the 
carbohydrate fraction, is highly oxygenated. Studies in the US [97] 
and Europe [98] identified a number of important biomass-derived 
platform chemicals (12 in the US study and 21 in the EU study). 
Some of the chemicals that were identified in both studies include 
levulinic acid and succinic acid. 

5.1. Combined enzymatic hydrolysis and fermentation 

Some of the hurdles seen in enzymatic hydrolysis technologies 
can be decreased, along with the capital and energy costs, by a 
reduction in the number of steps and reactors involved. A 
progression from SHF is the Simultaneous Saccharification and 
Fermentation (SSF) process. In this, following a pre-treatment to 
liberate the hemicellulosic sugars, the hydrolysis of cellulose and 
the fermentation of the liberated sugars occurs in the same reactor 
[44]. Since the sugars are fermented on release, the inhibitory 
effects on enzymatic hydrolysis that are seen with increased 
glucose concentrations are reduced [129]. An increased supply of 
cellulases will increase the rate of reaction and reduce fermenta¬ 
tion costs, although, given that the cost of cellulases are still 
relatively high, there are economic limits on their concentration 
[40]. A variant on SSF is Simulatneous Saccharification and Co- 
Fermentation (SSCF), where the hexoses and pentoses are 
fermented together (in the same reactor that is used for cellulose 
hydrolysis). SSF/SSCF have yet to be implemented commercially 
because the optimal conditions required for hydrolysis are 
different from those for fermentation and improved micro¬ 
organisms, such as thermophiles for the (co)fermentation of 
sugars (as being engineered by Agrol Biotechnologies for utilisa¬ 
tion in Colusa’s planned biorefineries) are necessary. Hence yields 
are currently highest where separate reactors are employed. 

SSF and SSCF still require the yeast to be produced in a separate 
reactor as is the case in most current pilot biorefining schemes 
where approximately 9% of the carbohydrate released from 
hydrolysis is used to grow the cellular mass of yeast [44]. In 
contrast, Consolidated BioProcessing (CBP), which is considered to 
have the potential to offer the lowest costs for biofuels and 
chemicals [113], involves all activities taking place in the same 
reactor, ideally with one micro-organism. An appropriate micro¬ 
organism for this is the holy grail of enzymatic research [130], and 
there are several companies active in this area. SunEthanol Inc. 
claim that their QMicrobe represents a viable micro-organism for a 
CBP facility; however, its application has yet to be demonstrated on 
the pilot scale [131]. 

6. Thermochemical technologies 

Historically, the main means of gaining value from low value 
lignocellulosic materials has been to combust these for heat and/or 
electricity generation. This process typically operates at low 
efficiencies with biomass feedstocks and cannot compete econom¬ 
ically with power production from fossil fuels or efficient 
renewables such as wind. Modern technologies, however, exist 
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to produce more valuable gas, liquid and solid products from the 
thermal treatment of biomass. This paper will only consider 
technologies where high-value end-products, other than electri¬ 
city, are the result. Hence, if chemical and/or biofuel synthesis is 
the target, the types of feasible technologies can be categorised 
according to two groups: indirect liquefaction and direct 
liquefaction. 

6.1. Direct liquefaction—pyrolysis 

A direct liquefaction process results in the production of a bio¬ 
oil from the condensable volatile components of biomass. 
Typically, conditions of pyrolysis are employed in order to 
achieve this. Pyrolysis can be considered to be the thermal 
treatment of a material in the absence of oxygen that can also 
result in the evolution of non-condensable gases and a residual 
solid component that does not decompose under the conditions 
employed [132]. Over time, refinements have allowed process 
conditions and the feedstock to be manipulated in order to 
achieve high yields of bio-oil, gases, or biochar, depending on the 
particular end product desired [117]. Under flash (or fast) 
pyrolysis, the feedstock is ground to very fine particles, in order 
to facilitate rapid heat transfer, and moderate temperatures of 
450-700 °C are employed for a very short residences time (in the 
order of seconds). The gases evolved are rapidly quenched in 
order to prevent their depolymerisation to non-condensable 
gases. The end result is a high yield of bio-oil, which may be up to 
70% by mass of the feedstock, depending on the starting material. 
This bio-oil is a complex mixture of water, carboxylic acids and 
lignin- and carbohydrate-derived products [133] that can 
deteriorate rapidly over time, with polymerisation reactions 
forming additional water and causing phase separations [134]. 
Dynamotive, a company that has commercial facilities producing 
electricity via the combustion of bio-oil, claim that the bio-oil 
produced from sugarcane baggasse processed in their flash 
pyrolysis reactor contained an array of products [135] including 
water (20.8%), levoglucosan (3.0%), hydroxyacetaldehyde 
(10.2%), acetic acid (6.6%), and formaldehyde (3.4%). Ensyn is 
another company with several commercial-scale bio-oil to 
energy facilities [136]. 

Where lower temperatures (300-550 °C) are employed and the 
biomass is less finely comminuted, residence times tend to be 
longer and a higher yield of biochar results at the expense of 
significant bio-oil formation [137]. These temperatures facilitate 
the depolymerisation of polysaccharides along with their slow 
dehydration to unsaturated species that can further react, via an 
array of potential pathways, to unsaturated polymers and char 
[117]. Conversely, the higher temperatures of fast pyrolysis result 
in the depolymerised polysaccharides being made volatile and 
forming complex tars and oils. When the conditions are so severe 
(over 700 °C) that these tars are extensively broken to non¬ 
condensable gases, a potential fuel gas, containing hydrogen and 
methane as well as carbon oxides, is produced. As with gasification 
technologies, this gas has potential as a feedstock for chemical 
synthesis via various catalytic pathways. 

Research has focussed on understanding how the lignocellu- 
losic components of biomass behave under pyrolysis conditions 
[ 138-140] in order to engineer specific conditions that may allow a 
more targeted end product to result. For instance, studies have 
considered how to obtain the platform chemical levoglucosan 
(LG— Fig. 3), an anhydroglucose derived from cellulose, in high 
yields [141,142]. A detailed consideration of the feedstock of 
interest is also often necessary when predicting how it will 
perform under pyrolysis, and what end products will result. For 
example, ash tends to promote char formation during pyrolysis 


[143] and the bio-oils that are generated from high-ash feedstocks 
may contain high levels of chlorine and alkali metals such as 
potassium that may be damaging to turbines if the oil is to be 
utilised for power production [144]. 

Catalysts have roles in many areas of pyrolysis. For example, 
zinc chloride allows the process to take place at lower 
temperatures [7] and iron 3+ introduced to wood has been 
shown [145] to increase the yield of LG and levoglucosenone. 
Levoglucosenone (another anhydrosaccharide obtained from 
cellulose) is, like LG, optically active and, hence, also has utility 
in the chemical and pharmaceutical industry [146]. Al-MCM-41 
type mesoporous catalysts with a Si/Al ratio of 20 have been 
tested at various pore sizes and have resulted in the elimination 
of levoglucosan from pyrolysis gas and a preference for acetic 
acid, furfural and furans from cellulose [147]. Acidically 
catalysed pyrolysis has been shown to result in the production 
of levoglucosene which also has applications in the pharmaceu¬ 
tical industry [142]. 

As an alternative to the use of catalysts during pyrolysis, the 
bio-oil may be upgraded after it is produced (possibly utilising the 
hydrogen produced from other biomass technologies). There are 
many possible catalytic mechanisms for this [148]. For instance, it 
has been found that the upgrading of bio-oils with silicate was 
inefficient compared with acidic zeolite catalysts (e.g. HZSM-5, H- 
mordenite H-Y, silicalite and silica-alumina) and that an increase 
in pore size resulted in a higher production of a char by-product 
[149,150]. Ultimately, it is hoped that an oil can be produced that 
can be suitable as a transport fuel or is compatible with existing 
petrochemical processing facilities [151 ]. A production of a bio-oil 
that is a viable substrate for biochemical processing is another 
option. This can occur via acid hydrolysis of the levoglucosan to 
glucose [152], but there also microorganisms that can directly 
ferment levoglucosan [153]. 

As well as catalysts, solvents are of use in pyrolysis; for 
example, sulfolane has been shown to inhibit the polymerisation 
reactions that may decrease yields of anhydromonosaccharides 
such as LG [154]. Sulfolane has also been shown to allow the 
complete pyrolysis of cellulose to soluble products with no char 
formation [155]. 

However, the char itself is of value, both as a fuel due to its high 
energy content (~30 GJ/t [117]) and as a soil amender due to the 
porosity properties conferred by particular pore-sizes, and the 
ultrastructure that result from the pyrolysis process [156]. This 
structure is said to afford protection to the arbuscular mycorrhizal 
fungae (AMF) that live symbiotically with plant roots and, in doing 
so, affect significant increases in plant growth and tolerance to 
stress [157,158]. Interest in biochar was spurred by the observa¬ 
tions of the terra preta (or Amazonian Dark Earth, or ADE) soils of 
the Amazon Region which have dramatically increased produc¬ 
tivity over the adjacent unamended soils [159]. The ADE were 
formed in pre-Columbian times, several thousand years ago, by 
the local Indian tribes who covered their refuse in soil and slowly 
burnt it (a crude form of slow pyrolysis). Slow pyrolysis therefore 
offers a great potential both in agriculture and as a carbon 
sequestration tool since much of the char is recalcitrant to 
decomposition, hence a significant amount of the carbon added to 
soil is effectively locked away [160]. Chars also reduce emissions 
of N 2 0 from the soil and help to trap nitrates and dissolved 
organics from drainage waters [160]. The process is of particular 
relevance to the residual components of hydrolysis biorefining 
technologies given that these will be lacking in polysaccharides 
and will predominately be composed of the lignin polymer and its 
alteration products. These will give poor yields of bio-oil in a fast 
pyrolysis system but could represent an excellent feedstock for 
biochar production. 
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6.2. Indirect liquefaction—gasification 

In these technologies the desired end product is synthesised by 
the catalytic or biological reforming of the gases produced from the 
thermal treatment of biomass. A clean gas devoid of the complex 
carbohydrate/lignin thermal degradation products seen with 
pyrolysis technologies is key; hence most indirect liquefaction 
technologies employ the gasification route. Gasification occurs 
best under higher temperatures (>1000 °C) and in less oxygen 
restricted conditions than pyrolysis. Since the formation of the gas 
from gasification is endothermic, the necessary temperature is 
attained via the oxygen burning of approximately 25% of the 
feedstock [117]. Where air is used to supply the oxygen the 
resulting gas is termed a producer gas. The use of air is only a viable 
option for gasification technologies where electricity production is 
the target. The catalytic processes required for the synthesis of 
biofuels and chemicals require a much cleaner gas. Hence, oxygen 
or steam are used and the resulting gas is termed a synthesis gas 
(or syngas). The general formula for the oxygen-fuelled gasification 
of carbohydrates is included below: 

C 6 H 12 0 6 +§0 2 -> 6CO + 3H 2 + 3H 2 0 

Many of the potential products that can be synthesized from 
these gases are represented in Fig. 4, along with the catalysts used. 
Their synthesis depends on the ratio of carbon monoxide to 
hydrogen in the syngas. The amount of hydrogen (and hence 
carbon dioxide) produced can be increased via the water gas shift 
reaction (at conditions of approximately 300 °C and 15-25 bar 
[49]) which involves mixing steam with the syngas, since 
insufficient water vapour is usually released from the biomass. 

Providing the syngas can be cleaned and contaminants such as 
tars and inorganic components effectively removed, the catalytic 
mechanisms for subsequent chemical synthesis from biomass- 
derived syngas should be the same as those employed on a large 
scale for the syngas produced from fossil fuels. The production of 
biomethanol from syngas (ideal H 2 :CO ratio of 3:1 [162]), via 
copper/zinc based catalysts at conditions of 220-300 °C and 50- 
100 bar [49], is probably the easiest route and several Swedish 
companies are considering commercial systems that can upgrade 
the black liquor from pulp and paper mills [163]. However, 


methanol is no longer considered suitable as a major transport fuel 
but can be converted to viable transport fuels and platform 
chemicals, using the Methanol to Gasoline (MTG) process [164]. 

There are several companies considering commercialising the 
production of ethanol from syngas. One route involves the 
production of a mixture of alcohols, including ethanol, butanol, 
and methanol using either a modified copper methanol catalyst or 
a molybdenum sulfide catalyst with a modification of the catalyst 
or of the conditions influencing the composition of the product 
stream [165]. A research project aims to have a pilot plant utilising 
this technology operational by 2012 and is targeting the 
production of ethanol, at a cost of $1.01 per US gallon, via the 
conversion of forest residues [165]. This project uses a moly- 
sulfide-based (MoS2) catalyst system, promoted with cobalt and 
alkali metal salts, because of its ability to produce linear alcohols 
(as opposed to branched), and its potential for higher ethanol 
selectivity [165]. It considers that, by the end of 2012, the current 
problems associated with the catalysts, which include poor 
selectivity and stability, will be overcome. Range Fuels are said 
[17] to be preparing a biomass to syngas to ethanol facility that 
they claim will produce 38 ml of ethanol and about 8 ml of 
methanol per year. The company also says that the process [166] 
can work efficiently at high moisture contents (40-50%), and that 
massive economies of scale are not required. Clean Energy 
Technologies claim to be developing a pilot/demonstration syngas 
to ethanol unit based on the CET process which is a modification of 
a process developed by Pearson Technologies [167]. 

For about 20 years there has been research into the biocatalytic 
synthesis of chemicals, including ethanol, from syngas [168]. 
Autotrophs use Cl compounds, such as CO, C0 2 and methanol, for 
their carbon source and hydrogen as their energy source while 
unicarbonotrophs use Cl compounds alone for both these 
purposes [169]. These microorganisms also utilise metals such 
as cobalt and nickel (which are contained in their enzymes) for the 
conversion of Cl compounds into value added products such as 
ethanol, but they are less sensitive to many of the gas 
contaminants, such a sulphur, that poison metal-based catalysts 
[170]. Also, the adjustment of the H 2 :CO ratio via the water gas 
shift reaction is not necessary where biological catalysts are 
employed and synthesis conditions can be much milder [169]. 


Waxes Olefine 



Fig. 4. The potential chemicals from syngas and some of the catalysts involved. From [161]. 
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Alico Inc. aim to use Clostridium ljungdahlii to produce ethanol from 
syngas in their planned commercial biorefinery [171]. The 
proposed plant will produce 53 ml of ethanol a year and 
6.55 MW of electric power, as well as hydrogen and ammonia, 
from 770 tonnes of agricultural wastes per day [172]. The company 
has received a grant of $33 m from the US Department of Energy 
towards the cost of constructing this biorefinery [172]. 

The Fischer-Tropsch (FT) synthesis of a mixed range of linear 
hydrocarbons from syngas is a complex, highly exothermic, 
process that may require that many of the products are recycled 
in order to achieve satisfactory yields. It has been used, for about 50 
years, in South Africa where the technology was developed in order 
to synthesise chemicals and fuels from coal when oil supply was 
limited [173,174]. A H 2 :CO ratio of 2:1 is best for FT and process 
temperatures and catalysts (iron or cobalt) can be manipulated 
according to the particular hydrocarbons desired [174]. The 
products of this process are not yet comparable to diesel fuels 
and are typically waxes that can be hydrocracked to produce a 
diesel that is suitable as a transport fuel (although it does suffer 
from a reduced lubricity and density) as well as naptha and 
kerosene as co-products [175]. 

Various components in biomass feedstocks cause problems in 
the gasification and catalytic synthesis stages. Firstly, it is 
generally required for the biomass to be relatively dry [176], 
otherwise some of the syngas will need to be utilised for drying 
purposes. Costs rise rapidly once moisture contents rise above 
50%; hence such feedstocks are not currently considered suitable 
for the gasification platform [165]. Regarding catalysts, methanol 
synthesis catalysts can be poisoned by sulphur compounds, and 
Fischer-Tropsch catalysts are highly sensitive, particularly to tars, 
carbon dioxide, halides and alkalis [49]. Catalysts can also be 
deactivated by ash [177]. Indeed, the amount and composition of 
ash is also a very important consideration in gasification schemes. 
A study estimated that, for mixed alcohol synthesis from forest 
residues, the minimum selling price for ethanol rises by 
approximately 50% (from $1.01 to $1.50 a gallon) when the ash 
content is increased from 1 to 15% [165]. Issues relating to ash 
slagging and sintering in the reactor are particularly problematic 
with the gasification of some feedstocks. Fluidised bed gasifiers, 
by operating at less than 1000 °C, reduce this problem, but such 
conditions produce more tars and methane in the syngas. It is 
considered that such reactors will be inappropriate at the scales 
needed for the economical synthesis of many chemicals [49]. 
Instead it is likely that entrained flow gasifiers will be necessary 
for the economies of scale needed for competitive biofuel 
production [176]. These operate at higher temperatures but are 
engineered to minimise slagging. However, they require the 
biomass particles to be very fine which may incur a significant 
energy expense [178]. 

The formation of tars, and measures to deal with their removal 
are big considerations in biomass gasification schemes. Catalysts 
have a vital role in the reforming of these tars and non-metallic 
calcined dolomites and nickel based catalysts have been the focus 
of much research. However, both have problems, and further 
research is needed [49]. It is generally considered that fundamental 
advances in state of the art catalyst preparations will be needed in 
order to make large-scale biomass to liquid facilities practical. The 
fossil-fuel to liquid facilities that currently exist are very large; for 
example, a (natural) gas to liquids facility recently built in Qatar 
produces about 34,000 barrels of FT products a day [179]. Such 
economies of scale are necessary for many gasification technol¬ 
ogies, particularly those employing the Fischer-Tropsch mechan¬ 
ism [180]. It is estimated that a minimum gasifier rating of 
500 MW will be necessary in order for FT biomass to liquids to be 
viable [39]. Clearly, a massive quantity of biomass would be 


required for such a facility, and it may be necessary to source 
material from long distances, increasing transport costs. 

Several approaches have been considered to overcome the 
hindrances associated with biomass gasification. One option is to 
convert the biomass to a more appropriate state for gasification 
and/or transport. The production, via pyrolysis, of a bio-oil, or a 
bio-oil and char slurry, has been studied as one means of achieving 
this and Dynamotive claim to have tested syngas produced from 
such a slurry [181,182]. The bio-oil/slurry should be more suitable 
for utilisation in an entrained flow gasifier, and its greater density 
(than the original biomass material) will increase the potential 
radius (since transport costs will be lowered) within which 
biomass can be sourced for a large scale gasification facility. Hence, 
a network of smaller flash pyrolysis facilities could “upgrade” the 
biomass to a bio-oil which is then delivered to a central facility 
[181]. Torrefaction is an alternative to bio-oil production. In this, 
slow pyrolysis conditions at low temperatures (250-300 °C) 
facilitate biomass grinding at reduced energy costs, and allows 
biomass to be utilised effectively in an entrained flow gasifier 
[183]. The Choren process [176] consists of a slow-pyrolysis stage 
which produces a gas which goes to a gasifer and to a char that is 
ground down and injected in the lower part of the gasification 
chamber, facilitating a reaction with the hot gases. The syngas then 
feeds a Fischer-Tropsch chamber, based on a Shell Gas to Liquids 
process [175], for the synthesis of a diesel-type fuel, termed 
SunDiesel. A pilot plant has demonstrated the Choren technology 
and a 15,000 tonne capacity demonstration plant, that will process 
75,000 tonnes of biomass per year, is being commissioned [49]. 
Choren have claimed that commercial facilities will have an output 
of 200,000 tonnes per year, and current estimates are that the cost 
of diesel production will be in the order of 70 euro cents per litre 
[17]. 

7. Discussion 

There are numerous possible pathways for producing chemicals 
and fuels from lignocellulosic materials. Each has its own 
particular strengths and weaknesses. The most extensively 
demonstrated technologies involve the acid hydrolysis of biomass 
to a sugar platform that can then be fermented. However, it is likely 
that the margin for significant improvement and costs reductions 
for these may be limited. By contrast, it appears that the enzymatic 
hydrolysis route offers much greater scope for advancement in the 
future. The National Renewable Energy Laboratory in the US has 
estimated that future cost reductions could be four times greater 
for the enzyme process than for the concentrated acid process, and 
three times greater than for the dilute acid process [184]. Indeed, 
since that report was written, the US Department of Energy has 
funded research, at both Genencor International and Novozymes 
Biotech, to produce cost effective enzymes with the goal of 
achieving a tenfold cost reduction and bringing down the cost of 
enzymes to an estimated $0.50 per gallon of ethanol [185]. Both 
companies achieved similar results and exceeded the Depart¬ 
ment’s expectations by achieving a 30-fold drop in the cost of 
enzymes for hydrolysis; to approximately $0.1-0.2 per gallon of 
ethanol [186]. There is still scope for further reduction in these 
costs as well as in the energy and capital costs of such facilities 
through the development of more efficient processes such as 
consolidated bio-processing. Indeed, it has been estimated that a 
mature CBP facility that sources biomass for $40 per dry tonne, 
could produce ethanol for 63 cents per gallon [187]. 

A wide variety of products are possible from the sugar platform, 
but it would appear that most commercial activity is currently 
focusing on ethanol, despite its drawbacks as a fuel. While the 
activities of companies such as BP, in their research of butanol, and 
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LS9, in their pursuit of hydrocarbon analogues via novel 
fermentation pathways, are encouraging, they would seem to be 
prospects more for the mid to long term. In contrast, the Biofine 
technology is currently operational and the levulinic acid product 
has many high value applications. Biofine also offers the only 
current means for producing diesel additives via the hydrolysis 
platform. The lack of any biotic activity in the process is also 
attractive given the variety of problems currently seen with the 
enzymatic hydrolysis of the complex lignocellulosic matrix and 
with the fermentation of, the often very heterogeneous, hydro¬ 
lysates. Sugar fermentation platforms can only get a maximum of 
51% ethanol by mass from the feedstock; however, the Biofine 
process can achieve, from cellulose, a 50% yield of LA plus a 20% 
yield of formic acid. Hence the yield of potential saleable products 
is significantly greater. 

This is also an advantage in thermochemical technologies, 
particularly those employing the gasification route, where 
ultimate yields are more dependent on the carbon content of 
the feedstock than on the amount of carbohydrates. Hence, these 
offer the potential of chemical/biofuel synthesis from the lignin 
polymer which is typically a residue when polysaccharides 
hydrolysis is targeted. An increase in theoretical yields of saleable 
products could therefore be a result. Indeed, one mixed-alcohols 
synthesis company is claiming that it can achieve net yields of over 
5301 of ethanol per dry tonne of biomass [188]. Two of the six 
companies that received grants from the US Department of Energy 
for the establishment of commercial biorefineries plan to use the 
themochemical platform. One of these (Alico Inc) will employ the 
biological fermentation of ethanol from syngas while the other 
(Range Fuels) will employ mixed-alcohols synthesis through the 
use of metal catalysts. If these catalysts can be shown to be 
economical and reliable and their previous obstacles overcome, 
then this route may offer the best near-term potential for biofuel 
synthesis. If not, then proven techniques exist for the synthesis of 
diesel type fuels from syngas via the FT process. The hurdle with 
this approach involves the significant production of tars from 
biomass feedstocks, when compared with syngas produced from 
fossil fuels, and how these can be effectively reformed by catalysts. 

Pyrolysis technologies (such as those of Dynamotive and Ensyn) 
are the only processes currently being demonstrated on a 
commercial scale, but the bio-oils currently produced represent 
low value end-products. Such facilities do not require the 
economies of scale of hydrolysis and gasification technologies, 
however, and they could offer value for local communities that 
wish to strive towards energetic and chemical self sufficiency with 
limited lignocellulosic resources. This will be particularly true if 
catalytic processes to refine or engineer the bio-oil to platform 
chemicals and transport fuels can be implemented on the small- 
scale. Pyrolysis can also offer a positive feedback mechanism to the 
supply cycle of biorefining schemes. This can occur through the 
utilisation of residues from hydrolysis technologies in order to 
produce a biochar that can then be used to enhance the growth of 
biomass destined for the hydrolysis-platform biorefinery (Fig. 2). 

In summary, it is not currently possible to choose which 
biomass conversion mechanism is likely to be most cost 
competitive when commercial operations come online, nor to 
select which mechanism will ultimately supply the most biofuels 
or biochemicals. Indeed, it is unlikely that there will be one 
“winner”. Instead, different technologies may be most appropriate 
for different feedstocks. For example, the high ash contents of 
many straws [189] are likely to prohibit their utilisation in 
gasification schemes, yet these are the feedstocks of most interest 
currently for enzymatic hydrolysis technologies (such as Iogen and 
Colusa). Neither enzymatic nor gasification technologies are likely 
to be suitable for unsorted municipal solid waste due to its high 


heterogeneity. Instead this feedstock is currently more suited for 
slow-pyrolysis or acid-hydrolysis technologies (such as those of 
BlueFire Ethanol and Biofine, both of which have had successful 
tests on MSW [96,190]). Also, feedstocks with a moisture content 
of over 50% will exhibit unfavourable energy balances when 
utilised in concentrated acid hydrolysis [90], most gasification 
[165], and some pyrolysis [135] schemes, but are suitable for dilute 
acid and enzymatic hydrolysis platforms. There are numerous 
other examples of where the competitive advantage between 
technologies changes according to the specifics of conditions and 
feedstock; hence, in order to fully determine the most appropriate 
biorefining scheme, a detailed holistic examination is needed for 
each lignocellulosic material specific to the location in which it will 
be treated. 
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